The present work integrates ground-based ionosphere measurements using very-low-frequency radio transmissions with satellite measurements of the total electron content to draw common conclusions about the possible impact that the Mw6.1 earthquake that took place in Greece on January 26, 2014, had on the ionosphere.
Introduction
The study of lithosphere-atmosphere-ionosphere coupling (LAI) is mainly focused on the analysis and comprehension of atmospheric and ionospheric anomalies caused by extreme lithospheric events (Molchanov et al., 2004; Pulinets and Ouzounov, 2011) . Earthquakes are considered to be sources of atmosphereionosphere anomalies mainly because of the surface ionization resulting from the radioactive decay of radon emanations (Silva et al., 2013) and the generation of geo-electric charges (Freund, 2013) . Such phenomena propagate through the atmosphere causing thermal anomalies (Kakinami et al., 2013) and atmospheric electric field perturbations . Ultimately, they affect the ionosphere causing very-low-frequency and lowfrequency (VLF/LF) radio transmission disturbances (Righetti et al., 2012) , extremely low-frequency and very-low-frequency (ELF/VLF) magnetic-field radiation (Nemec et al., 2008) and total electron content (TEC) anomalies (Yao et al., 2012) , among other phenomena. A consistent model that was recently developed considers the global atmospheric electric circuit to be the coupling agent between the surface ionization and the ionosphere perturbation, validating LAI observations. Actually, the first observation of a possible effect of earthquakes on the ionosphere was obtained on the occasion of the Alaska, March 1964, earthquake event with ionograms recorded in observatories close to the epicentre revealed the presence of anomalous vertical displacements of the ionosphere before and after the earthquake (Moore, 1964; Davies and Baker, 1965) . From this point on, the research into possible earthquake-ionosphere relationships bloomed and was initially aimed at the behaviour of different layer characteristics, such as height, density, and composition. (see Kazimirovsky et al., 2003; Pulinets and Boyarchuk, 2004 , for further references).
On the one hand, radio transmissions have been widely used in atmospheric electricity studies to detect thunderstorms and sprites. Such studies considered radio signals from networks developed for navigation, such as OMEGA and LORAN, until their elimination in 1997 and 2010, respectively. Similarly, these radio transmissions were used to search for ionospheric precursors possibly related with significant magnitude earthquakes since the pioneering work of Gokhberg et al. (1989) . More recently, signals of 15-50 kHz from powerful VLF/LF transmitters for navigational and time services have been deployed in Europe, Asia, USA and Australia and are being used to study possible ionosphere perturbations related to earthquakes. Much work has been done on this subject in Europe both for LF (Biagi et al., 2006) and VLF signals (Biagi et al., 2008; Rozhnoi et al., 2009 ), but Japan and the Far Eastern regions, i.e., areas with very high seismic activity, are where the subject has received the most attention. Important results have been achieved in recent years. Saha et al. (2014) proved that the fluctuation ratio of the impulsivity of LF signals shows a significant correlation with the closeness parameter defined as the ratio between the earthquake preparation radius, R, (Dobrovolsky et al., 1979) and the distance of the earthquake epicentre to the radio transmitter, D. This result is consistent with the work of Silva et al. (2013) who found a correlation between radon anomalies and the parameter S defined by the ratio S = R/D À 1.
On the other hand, the directions of the studies related to possible earthquake-induced ionospheric perturbations changed dramatically in the early years of this century, when the Total Electron Content, TEC, data obtained from Global Navigation Satellite System (GNSS) signal delays were considered. These data allow for the detection of changes in the electronic density of the ionosphere worldwide in a very accurate and quick way and can be applied to both earthquakes and tsunamis (Artru et al., 2005; Liu et al., 2012) .
The present work integrates ground-based measurements (VLF) and satellite derived data (TEC) to draw common conclusions about the possible impact that the Mw6.1 earthquake in Greece (January 26, 2014) had on the ionosphere. This is a first step towards a multi-parameter approach to earthquake precursors as discussed in the literature .
Seismic characterization
In the Mediterranean region, the seismic activity is due to the northward convergence, with velocities ranging between 4 and 10 mm/yr, of the African plate with respect to the Eurasian plate along a complex plate boundary. This region is marked by a pre-instrumental seismicity (pre-20th century) and several strong earthquakes recorded during the last centuries. Earthquakes have historically caused extensive damage across central and southern Greece (e.g., the 1903 M8.2 Kythera earthquake), along the North Anatolian Fault Zone (e.g., the 1939 M7.8 Erzincan and 1999 M7.6 Izmit earthquakes), Cyprus, Sicily (e.g., the 1693 M8.0 Sicily earthquake; the M7.2 December 28, 1908 Messina earthquake), Crete, the Nile Delta, Northern Libya, the Atlas Mountains of North Africa (e.g., the 1980 M7.3 El Asnam earthquake) and the Iberian Peninsula (the Lisbon earthquake of November 1, 1755, M8.5).
Greece seismicity
Focusing on Greece, Fig. 1 shows the earthquakes for the period 1980-2014 (USGS data base) with magnitudes greater than 4.0. From this figure we can deduce that the seismicity of this area is very high, especially along the Hellenic subduction zone of southern Greece where the plate velocity reaches 35-40 mm/yr and generates the highest rates of seismicity of the Mediterranean region. This seismicity is a manifestation of crustal normal faulting and extensional tectonics associated with back-arc spreading. Greece is the most seismic country in Europe, and Cephalonia, Western Greece, is particularly liable to experience earthquakes because it is located just to the east of a major tectonic fault line where the European and Aegean plates meet at a slip boundary.
The 26th January earthquake
On 26th January 2014 at 13:55 UTC (15:55 local time), an earthquake (Mw6.1) occurred at Argostólion, Cephalonia, (38.23°N, 20.48°E). It had a focal mechanism dominated by a strike-slip ( Fig. 1 ) compatible with the fault that possibly generated the event, the Cephalonia Transform Fault that is a dextral strike-slip fault with a thrust component. A black star on Fig. 2 represents the earthquake epicentre. Eight days later, on 3rd February, a second M6.0 earthquake hit this region at 03:08 UTC (05:08 local time). This earthquake sequence led to important damages in the area and numerous aftershocks were recorded following the main shock. In the first 9 days, 434 M3+ earthquakes, 51 M4+ earthquakes, and 3 M5+ earthquakes struck the zone. The two M6 earthquakes took place on the same island as the 3 destructive events that occurred between August 9th and 12th of 1953 (Fig. 2) . Those earthquakes had magnitudes of 6.4, 6.8 and 7.2 and resulted in hundreds of casualties and significant damage all over the island and also in Zante and Ithaca. In the following months, 80% of the population left the island.
Temporal evolution of the local seismicity
The upper panel of Fig. 3 shows the temporal distribution of the local seismic activity over approximately 10 years (Mw > 2.0, EMSC database). Clustering cases are clearly observed when magnitudes are plotted for the period from 2004-10-10 to 2014-06-30 . In this figure, there are 4 seismic clusters (marked with vertical lines) that can be very well identified by intense seismic activity triggered by an earthquake larger than Mw5.5. These events are represented with large circles; the main shock (MS) of 26th January 2014 (Mw6.1) is marked with a star. The time succession shows that most of the largest events could be related to their aftershock area. In fact, we observe a typical aftershock distribution, with an activity that decreases in time after each main shock. A lack of seismic activity with Mw > 4.0 nearly 100 days before the MS can be seen in the lower panel of Fig. 3 . The zoom around the MS time period clearly shows a moderate foreshock, F (marked by a diamond) of Mw4.8, on 11th January 2014, $15 days before MS, and a large aftershock, A (marked by a large circle) of Mw6.0, on 6th February 2014. The seismic swarm triggered by the MS is the most significant feature of the represented seismic catalogue for this region.
Physical conditions
There are different physical phenomena that are able to affect the ionospheric conditions producing small perturbations that can be misinterpreted as earthquake-related disturbances. We pay attention to the three that are considered the most important. 
Geomagnetic conditions
To ensure, at least to first approximation, that the anomalies presented in this paper were not caused by geomagnetic phenomena with global character, we studied the global geomagnetic indexes Dst (Disturbance storm time) and Kp (planetary threehourly K index). Dst is a measure of the decrease in the horizontal component of the Earth's magnetic field near the magnetic equator due to increases in the magnetospheric ring current. Values lower than À50 and À100 correspond to moderate and strong storms, respectively (González et al., 1994) . The planetary 3-h-range index Kp is the mean standardized K-index from 13 geomagnetic observatories at median geomagnetic latitudes. The K-index is a quasilogarithmic local index of the 3-hourly range that quantifies the disturbance of the horizontal component of the geomagnetic field. The value of the two indexes has been obtained from World Data Center for Geomagnetism, Kyoto (wdc.kugi.kyoto-u.ac.jp). We also analysed the behaviour of the magnetic field in two observatories in the study region; Pedeli, Greece (51.90°N, 23.90°E) and Ebre, Spain (49.18°N, 0.49°E) chosen to compare the geomagnetic conditions close and far from the epicentre. This information was taken from the Intermagnet website (www.intermagnet.org).
In Fig. 4 (top), the Dst index values in the period from 45 days before the day of the earthquake (considered day 'zero') to 30 days after it are shown. The horizontal axis represents the days and the origin corresponds to 00:00 UT of the day of the earthquake. The vertical discontinuous line marks the earthquake occurrence time. The Dst index remains above À50 nT, until day +24 (February 19th) when drops to À112 nT, a value that, as stated previously, indicates the presence of an intense geomagnetic storm. Therefore, in the days of the analyses (from À25 to +10), the Dst index does not show a global geomagnetic disturbance. To validate this observation, we also show the three-hourly index Kp during this period (Fig. 4 bottom) . The x-axis is measured in days and spans from 25 days before the earthquake until 10 days after it. As previously stated, the vertical discontinuous line marks the earthquake occurrence time. Only Kp values higher than 5 (on a logarithmic scale from 0 to 9) indicate the presence of geomagnetic disturbances. For our period of interest, these values are not reached at any time, so we can ensure that in the days analysed the global geomagnetic conditions are quite.
The analysis of the total geomagnetic field, F in Ebre and Pedeli is shown in Fig. 5 , which displays the values of the variation of F (nT) per minute in the days of study. As in the preceding figure, the x-axis marks the 35 days considered and the vertical discontinuous line indicates the earthquake occurrence time. In this period, no strong fluctuations of the geomagnetic field are observed at any moment.
Solar emission conditions
Solar activity can affect the ionosphere even without having a clear effect on the geomagnetic conditions. Sudden increases in the solar ultraviolet emissions and X-ray flux can influence the photoionization processes modifying both the electron density in the ionosphere and the propagation parameter of VLF. Thus, a detailed analysis of the solar influence in the period considered has been taken by considering the occurrence of solar flares, the evolution of the F 10.7 index and the presence of Sudden Ionospheric Disturbances, SIDs.
NASA reports indicate the occurrence of only four important solar flares in this period with values of M9 on 1st January, X1 on 7th January, M8 on 30th January and M6 on 1st February. Only the X1 solar flare had a significant magnetic effect on the Earth. The variation of the F10.7 index, which correlates with the ultraviolet emissions, reflects this situation and shows that there was not any event that was able to affect the ionospheric conditions in the period analysed (Fig. 6 left) . SIDs appear when the ionization in the D layer increases due to hard X-rays and UV radiation that originated from solar flares. This phenomenon can increase both the radio-wave absorption in the upper MF (300 kHz-3 MHz) and lower HF (3-30 MHz) ranges, and the reflection coefficient of VLF signals. Fig. 6 (right) plots the number of SIDs that occurred in the period of study given by the American Association of Variable Star Observers (AAVSO), the organization that provides NOAA (National Oceanic and Atmospheric Administration) with this type of information. The total number of SIDs recorded in January was 288 and all, except for 6, were events of small to moderate intensity. It is worth noting the low number of SIDs in the days preceding the earthquake. The analysis of this information allows us to consider our period of study free of important solar influences that could significantly contaminate our results.
Meteorological conditions
The meteorological conditions have different influences on VLF radio transmissions and on TEC values. In the first case, they are a key factor because they can induce anomalies that can be confused with those caused by earthquake precursor phenomena. In fact, Rozhnoi et al. (2014) studied the effects of tropical cyclones on the transmission of VLF/LF signals, revealing a strong correlation between the meteorological impact of the cyclones and perturbations in the VLF/LF signals; these signals are actually used for thunderstorm mapping (Mezentsev and Füllekrug, 2013) . Inspection of the weather conditions is necessary to avoid ''meteorological contamination" of the analysis presented here. Surface weather information for the epicentral area and the regions where the VLF radio receivers considered in this work are located was retrieved from the Russian Weather website: http://rp5.ru/. The locations studied are Chania (Crete), Thessaloniki (Greece) and Évora (Portugal). Thessaloniki station is the closest to the earthquake epicentre; thus, it can be interpreted as representative of the weather conditions there. The earthquake occurrence time is set as ''zero time" and, as stated above, the period considered goes from January 1st until February 5th of 2014. Two main meteorological parameters (pressure and wind speed) are presented for the three locations in Fig. 7 . It can be seen that both Chania and Thessaloniki have similar weather trends. That is, they show sizeable depressions ( Fig. 7a and b ) and high wind speeds ( Fig. 7d and e) close to the time of the earthquake. In the case of Chania, this is also accompanied by thunderstorm activity and, in Thessaloniki, complemented by moderate to high precipitation. This could represent a contamination of radio signals received at these stations. As shown in Fig. 7c and f in the case of Évora no particular feature in the time of the earthquake was observed. Thus, the signals received at this location can be used as a good reference for the signals expected to be affected by the earthquake.
In the case of TEC values, severe meteorological events, such as cyclones, typhoons, tornadoes, and hurricanes, are able to generate Internal Atmospheric Waves in the lower atmosphere that, under favourable conditions, can penetrate into the ionosphere and create electron density disturbances (Kazimirovsky, 2002; Kazimirovsky et al., 2003) . First studied by Bauer (1958) , this subject is a particular case for the links between the ionosphere and the lower atmosphere (Rishbeth, 2006; Lastovicka, 2006) and has received increasing attention, mainly in the case of strong events that occur at tropical latitudes (Bishop et al., 2006; Afraimovic et al., 2008; Perevalova and Ishin, 2011) . Although the influence of strong meteorological storms at mid latitudes is not well known, it seems that only cyclonic events characterized by wind speeds greater than 33 m/s induce noticeable effects on the ionosphere (Polyakova and Perevalova, 2013) . As the meteorological storm that occurred over Crete only reached 11 m/s of wind speed, it is possible to assume that it did not produce any significant disturbance on the TEC.
Analysis of the VLF radio transmissions
We begin the analysis of the ionosphere perturbations possibly linked with the occurrence of the January 26, 2014, earthquake in Greece by analysing VLF radio signals as explained below. The radio receivers used in this study are marked with triangles, and the VLF transmitters by black diamonds in Fig. 8 . In this figure the GPS stations used to study the spatial distribution of the ionospheric anomaly related to the January 2014 seismic events are also represented. The earthquake epicentre is marked with a star.
Data
VLF radio transmissions were recorded at 1-min intervals by three receivers at Chania (Crete, CRE), Thessaloniki (Greece, GRE), and Évora (Portugal, POR). These receivers integrate the International Network for Frontier Research on Earthquake Precursors, INFREP especially prepared for the study of ionosphere earthquake precursors. Signals emitted during the time of study by four European transmitters, listed in Table 1 , were considered. Moreover, following the Dobrovolsky formula, (Dobrovolsky et al., 1979) , an M6.1 earthquake would have a preparation radius of nearly 420 km. Thus, the CRE receiver is installed approximately 440 km from the earthquake epicentre, near to the limit of the earthquake preparation zone. The GRE receiver is approximately 350 km from the epicentre inside this region, and the POR receiver is located fairly far from the earthquake epicentre, nearly 2500 km, which is away from the preparation zone.
Methodology
To follow the evolution of the VLF radio signals at the three receivers, we have represented the data time series, hourly Values of 1, 2 and 3 correspond to small, moderate and great events, respectively, according to their duration; 1+, less than 32 min; 2+, less than 85 min; 3, 86-125 min and 3 +, more than 125 min. (Source:www.aavso.org/sid-database).
variance and the corresponding wavelets for each station (Fig. 9-12 ). The hourly variance is normalized to its mean value in the period considered. It closely reflects the impulsivity parameter (Saha et al., 2014) . The wavelet technique is widely used in many sciences such as Meteorology and Oceanography (Meyers et al., 1993) , image processing (Chen and Shen, 2005) and solar physics (Lopes and Silva, 2015) to look for periodicities and inspect their evolution. In the present analysis we consider periods between 2.2 days and 6.2 days. This range has been specifically chosen to avoid the influence of two main cycles in the wavelet spectra. The first one is an approximately 1-day cycle of the lower ionosphere caused by the daily variation of the solar radiation and, to a lesser extent, by anthropogenic pollution, both atmospheric and electromagnetic. This procedure avoids the use of the common approach of separating day-time and night-time signals to perform the wavelet analysis. Actually, if the wavelet analysis is performed with the complete data set without filtering to periods longer than the daily cycle, this cycle will dominate the wavelet spectra, and any anomaly would hardly be noticed. The second cycle to be avoided is a close to 7-day cycle that dominates the electrical behaviour of the lower atmosphere due to urban pollution (Silva et al., 2014) and can also contaminate the wavelet spectra. This cycle is of particular importance because electromagnetic contamination caused by anthropogenic activity, for example, air conditioning systems near the radio receiver, are likely to contaminate the radio signals with a weekly cycle as they are used on work days but not on weekends. In the calculations, we use a MatLab Ò implementation of the wavelet algorithm developed by Torrence and Compo (1998) . We chose the Morlet wavelet, and we padded the time series with zeros according to the mentioned script. The following parameters were used: dt = 1/1440; d j = 0.025; s 0 = 0.5 dt; and j 1 = 16 / d j . Finally, we standardize the VLF time series, VLF S (t) = (VLF(t) À VLF m )/r VLF , where the VLF(t) is the VLF radio signal collected every minute and VLF m and r VLF , respectively, are the average value and the standard deviation for all of the time series. This procedure centres and normalizes the data series but, as will be discussed below, differs from the technique used in TEC⁄Sigma where a moving standardization is adopted.
Results
The results are discussed for each of the four transmitted signals:
(1) Signals from NRK (37,500 Hz) are plotted in Fig. 9 and show clear anomalies at the CRE and GRE receivers. Spikes appear in the records of these receivers approximately 1 day before the seismic event. Nevertheless, the perturbation is more pronounced in GRE where the hourly variance reaches a value 60 times higher than the mean hourly variance. This is consistent with the fact that this receiver is closer to the earthquake epicentre than CRE. The signal that reaches the two receivers is inside the 5th Fresnel zone (Righetti et al., 2012) and also reveals anomalous periods ($4 days) in the wavelet analysis, nearly at the same moment as the observed spikes. The signal received by POR is outside the 5th Fresnel zone and does not present any anomaly in the signal or in the wavelet that could be possibly related to the earthquake, as it is expected. (2) The results for the signals broadcast by HWU (20,900 Hz and 21,750 Hz) are represented in Fig. 10 , which shows that the signal received by POR (outside the 5th Fresnel zone) does not present any anomaly that could be linkable with the earthquake. Moreover, the receiver at CRE shows two spikes, the first $1 day before and the other nearly 2 days after the earthquake, that are reflected in two spikes in the normalized variance. The signal recorded in GRE does not show any spike in the normalized variance but presents an anomalous period close to 4 days in the wavelet spectra. The results are not so clear for this transmission and could be related to the meteorological condition both in Chania (CRE) and Thessaloniki (GRE). (3) The signals transmitted from ICV (20,270 Hz), shown in Fig. 11 , present evidence of an anomalous behaviour of the hourly variance for the signal collected at CRE that reached 20 times the mean value of the period on the day before the earthquake. An approximately 4-day anomaly is evident in the wavelet analysis of the GRE signal. Moreover, the reduction of CRE and GRE 20 days before the earthquake and 3 days after could be related to the seismic event, but no data from a reference receiver outside the 5th Fresnel zone, such as POR, exists to confirm it. Similar behaviour to HWU but less significant was found for this transmitter (both have similar frequencies), and again, it is argued that the signal could have been affected by the meteorological conditions. (4) The signals broadcast by GBZ (19,580 Hz) are shown in Fig. 12 and indicate that the GRE signal also has an approximately 4-day anomaly in the wavelet spectra. In contrast, nothing is seen in the POR signal. These findings are in accordance with those obtained for the previous frequencies.
TEC analysis
The ionospheric parameter used on this part of the study is the total electron content, TEC, which can be defined as the integral of the electron density along a path between two points, usually a GNSS receptor on Earth's surface and a satellite. TEC can also be defined as the number of free electrons contained in a column with a cross-section of one square metre. One TEC unit (TECu) corresponds to 10 16 electrons per m 2 . This parameter can be obtained by measuring the travel time difference for two signals with different frequencies, f 1 and f 2 , along the same propagation path in the ionosphere. When using the GPS network, the receivers generate two observable delays for each satellite: pseudo-range delay and carrier phase delay. The frequency-differenced phase delays provide very precise measurements of TEC (Mannucci et al., 1998) . These data are available in RINEX (Receiver Independent Exchange Format) files that, in our case, have been processed using a technique developed by Ciraolo et al. (2007) that considers the ionosphere as a thin shell located at an altitude of 350 km (high of the maximum of F2 layer) where all of the free electrons are concentrated. This technique determines the vertical total electron content, vTEC (TEC in a vertical column over the receiver) from slant total electron content, sTEC, (TEC in the path between the receiver and the satellite) at the Ionospheric Pierce Point, IPP. This point corresponds to the place where the line-of-sight between the satellite and ground receiver intersects the ionosphere, which is considered as a thin shell. 
Methodology: TEC*Sigma
To quantify the temporal variations of vTEC at every station, we used the TEC⁄Sigma parameter (Davidenko and Pulinets, 2012) , which is given by the expression TEC⁄Sigma = (vTEC À TEC CP )/r, where vTEC is the observed value and TEC CP and r, respectively, represent the mean value and the standard deviation of the vTEC values obtained at the same time during the previous 15 days. TEC⁄Sigma scales the vTEC anomalies, i.e., the differences between the observed and the selected reference values. To perform this task, TEC⁄Sigma considers the ionospheric variability over every station during the analysed time divided by the standard deviation. In this way, the anomalies observed at different times and locations are normalized by the standard deviation.
The magnitude of the studied effects is revealed when the anomalies observed at different stations are compared with the usual temporal variability at each place. Only when the TEC⁄Sigma is the same at two different stations, no matter the absolute value of vTEC variations, it is possible to state that both stations experiment the same ionospheric effect. With this in mind a vTEC variation will be considered significant in this article when TEC⁄Sigma P±2. It is worth remembering that for a normal distribution, a ±2r-wide band centred at the average contains 96% of the sample values. Although it is clear that the vTEC values collected at the same station and at the same time during the 15 days does not exactly adjust to a normal distribution, the limit values established here allow us to accept, at least in a first approach, that the probability of their exceeding this limit is only 4%. The probability of occurrence drops to 0.16% for the same phenomenon at the next instant. Therefore, the mentioned limit values TEC⁄Sigma = ± 2 act, for the considered approximation degree, as indicator of significant enough vTEC variations. As a consequence, TEC⁄SigmaP+2 (TEC⁄Sigma 6À2) values indicate positive (negative) vTEC anomalies; meanwhile, intermediate values (À2 < TEC⁄Sigma<+2) indicate that these vTEC variations fall inside the normal variability range and cannot be considered anomalies. Fig. 13 illustrates the concepts exposed so far. In the upper panel, the thick trace shows the vTEC evolution at the station closest to the epicentre (PAT0 station) during the interval going from the 2nd day before the earthquake (À2 day) to the end of the occurrence day (0 day). The bottom continuous curve indicates the evolution of the standard deviation r. The mean value TEC CP is shown with a broken line and the limits corresponding to TEC CP ± 2r are indicated with a dotted line. In the bottom panel the continuous trace shows the TEC⁄Sigma evolution. The values TEC⁄Sigma = 0 (equivalent to vTEC = TEC CP ) and TEC⁄Sigma = ±2 (equivalent to vTEC = TEC CP ±2r) are shown with a broken line and dotted line, respectively, as in the graph above. The limits for TEC⁄Sigma = ±2 separate the normal values from the anomalous ones. In both graphs, the temporal resolution is 1 data point every 30 min. The arrows indicate the more significant occasions in which these limits are exceeded during the day before the earth- quake (À1 day). Therefore, the presence of anomalous values of TEC⁄Sigma means the presence of vTEC anomalies.
It is worth remarking that the TEC⁄Sigma values are qualified as ''anomalous" because they exceed the adopted limits; that is, they do not have the same meaning as the usual concept of ''anomaly". The use of anomalous does not indicate a difference between the observed and reference values but instead the presence of a real vTEC anomalies. In other words, we can say that every variation of vTEC implies an anomaly of this parameter, and after normalizing this anomaly by the corresponding standard deviation, we obtain the TEC⁄Sigma value. When this value exceeds the adopted limits, it must be considered as ''anomalous".
GPS data
The RINEX files analysed have been obtained from 53 stations belonging to International GNSS Service (IGS), EUREF Permanent Network (EPN) and University NAVSTAR Consortium (UNAVCO) GNSS networks. Their location is represented with circles in Fig. 8 and their main characteristics (name, geographic coordinates, network to which they belong and epicentral distance) can be found in Table 2 .
Most of the stations (47) were selected from a large sample of 90 receivers after checking the availability of continuous vTEC records in a period ranging between 25 days before the earthquake and 10 days after its occurrence. In this way, by taking into account Fig. 12 . VLF radio signal from GBZ transmitter (19, 580 Hz) . Left panels correspond to the receiver in Greece and right ones to Portugal. From top to bottom: raw data, normalized daily variance and wavelet Morlet transform. The January 26, 2014 earthquake is time zero. Fig. 13 . In the upper panel, the thick trace shows the vTEC evolution at the nearest station to the epicentre (PAT0 station). The mean value TEC CP is indicated by a broken line and the limits corresponding to TEC CP ± 2r by a dotted line. In the bottom panel, the continuous trace shows the TEC⁄Sigma evolution. The values TEC⁄Sigma = 0 and TEC⁄Sigma = ±2 are shown with a broken line and a dotted line. The limits for TEC⁄Sigma = ±2 separate the normal values from the anomalous ones. The arrows indicate the more significant occasions in which these limits are exceeded during the day before the earthquake (À1 day). Therefore, the presence of anomalous values of TEC⁄Sigma indicates the presence of vTEC anomalies. the need for data from 15 days to obtain TEC⁄Sigma, it was possible to study the evolution of this parameter for 21 consecutive days starting 10 days before the earthquake. Five other stations with shorter TEC⁄Sigma series were used to solve some graphical uncertainties when drawing the initial isovalues maps that are shown below. These stations are UZHL (data series starts on day -9), DRAG (data starts on day À6), LAMA and SASS (data starts on day -4) and ARUC (data series ends on day +1). Finally, station TUC2, whose data series spans days À9 to +3, has been included in the analysis due to its proximity to the VLF receiver CRE.
TEC results
From top to the fourth row, Table 3 lists the considered day of the series, the number of stations with available TEC⁄Sigma data for each day, the number of stations with TEC⁄Sigma P±2 at any moment on that day and the corresponding percentage of this type of values. Rows five and six include the number of stations with TEC⁄Sigma 6À2 and the corresponding percentage of these values with respect to the total amount, respectively. This Table clearly shows that most stations present positive anomalous values of TEC⁄Sigma on days À5, À4 and À3. In particular, this happens on day À4 at every station except POLV. It is also convenient to consider that the maximum value reached by the TEC⁄Sigma at this station is 1.9, which is very close to the selected limit for normal values. Table 4 , which has the same distribution as Table 3 , shows the analogue results when only the 10 stations closest to the epicentre are considered. In this case, anomalous values are present in all of the stations not only on day À4 but also on days À1 and 0.
The most remarkable negative anomalous values occur mainly on days À9 and À7, regardless of if all of the stations or only the 10 closest to the epicentre are considered. In this last case, the relative proportion of affected stations on day À6 considerably increases with respect to the more general case. These differences are not significant for the other days.
The effects observed on day À4 spread over the entire area of study, while those occurring on days À1 and 0 were limited to the vicinity of the epicentre, suggesting that the positive anomalous TEC⁄Sigma values observed on those days could be associated with the earthquake preparation. As an example, Fig. 14 shows the differences between the EBRE (on the Spanish North Mediterranean coast, 1727 km from the epicentre) and PAT0 (126 km from the epicentre) stations. The figure shows the TEC⁄Sigma values at these stations during the 21-day interval considered in this analysis that includes 10 days before the earthquake and 10 days after it. As in the similar cases, the x-axis is measured in days, and its origin corresponds to the 00:00 UT on the day of the earthquake, the vertical discontinuous line marks the earthquake occurrence time and the temporal resolution is 1 data point every 30 min. The limits for TEC⁄Sigma = ±2 separate the normal values (inside the grey band) from the anomalous ones. The arrows indicate the more significant positive anomalies on both days before the earthquake. At EBRE (far station), only the À4 day anomaly is observed. In contrast, at PAT0 (near station), anomalies appear on days À4 and À1.
To confirm these results, maps of the anomalies for the significant hours on days À4, À1 and 0 were drawn. These maps plot the isolines corresponding to TEC⁄SigmaP+2 with intervals of 0.5 and were sketched using the ''pscontour" tool of the GMT package (Wessel and Smith, 1998) . Fig. 15 shows the maps corresponding to 9 different hours of day À1, where it is possible to observe a clear anomaly starting at 15:00 UT and lasting until 20:00 UT. The sunset at the longitude of the epicentre (marked with a star) took place at 15:53 UT. At 15:00 UT the maximum value of TEC⁄Sigma is 2.88 and occurs over the station TUC2, which is located in Crete Island, 440 km far from the epicentre. Later, the position of the highest value moves to the north and reaches 2.48 and 3.84 at 16:00 UT and 17:00 UT, respectively. Then, although values over 3 still remain to the north of the epicentre, the maximum (TEC⁄Sigma = 4.26) moves to the south and reaches the TUC2 station area. Finally, at 19:00 UT and 20:00 UT, the maximum successively occupies the regions over LARM (TEC⁄Sigma = 3.62) and LAMP (TEC⁄Sigma = 4.36), located 239 and 750 km far from the epicentre, respectively.
It is worth noticing several interesting features of these results. First, it is remarkable that the location of the maximum TEC⁄Sigma never corresponds to the closest station to the epicentre (PAT0, 126 km) and that the smallest difference between these two points occurs at 19:00 UT, an intermediate moment of the evolution of the anomaly. Second, TEC⁄Sigma reaches values greater than 4 on two occasions. The first time occurred at 18:00 UT in the intermediate phase of the process as expected. On the contrary, the second one, the highest anomaly, occurred at 20:00 UT in the final step. Fig. 16 shows the maps for the most significant hours of the day when the earthquake occurred (day 0). On this day, the sunrise occurred at 05:48 UT in the epicentral area. At 07:00 UT, a clear anomaly (TEC⁄Sigma = 2.66) can be observed over LAMP, the same station where the maximum had been observed during the final phase of the preceding day. This location of the highest anomaly remains until 08:00 UT when TEC⁄Sigma = 3.11. It is important to keep in mind that, due to the lack of stations on the northern coast of Africa, the southern border of the anomaly on days À1 and 0 must be critically considered. This circumstance does not diminish the validity of the results presented so far, which reflect the presence of an anomaly clearly related both temporarily and spatially to the considered earthquake. Finally, there exist important differences between the spatial and temporal distributions of the anomalous values this day and those corresponding to day À4 when, as commented previously (see Table 3 ), TEC⁄Sigma reached anomalous values at 52 of the 53 stations. The first observation is the opposite of what occurred on days À1 and 0. Anomalous values were also observed during the middle hours of day À4 and not only during the evening hours. This result can be clearly observed in the top row of Fig. 17 , which shows the maps for these middle hours (10:00 UT is 12:00 LT in the epicentral region). Moreover, the evolution of the spatial distribution of the anomalous values does not allow for the drawing of any conclusion related to the epicentre location. A similar comment can be applied when considering the evolution of the spatial distribution of the anomalous values between 17:00 UT and 19:00 UT on day À4, as shown in the lower part of Fig. 17 . No conclusions related to the epicentre location can be drawn in this case. In contrast, the anomaly on day À1 reaches its maximum extent during these same hours.
In conclusion, we can say that the results obtained allow for the identification of a clear anomaly from 15:00 to 20:00 UT on day À1 that appears again the day of the earthquake between 07:00 UT and 08:00 UT. The anomalous values reach TEC⁄Sigma = 4.36 and Fig. 15 . Evolution of the anomalous values spatial distribution for the specified hours of the À1 day. The isolines correspond to TEC⁄SigmaP +2 with intervals of 0.5. The earthquake epicentre is marked by a star. Fig. 16 . Evolution of the anomalous values spatial distribution for the specified hours of the earthquake day. The earthquake epicentre is marked by a star.
3.11, respectively. Their spatial and temporal distributions support a possible link with the earthquake preparation.
Discussion and conclusions
The study of VLF signals and ionospheric TEC values that were recorded over the period spanning from 25 days before to 10 after the Argostólion earthquake on January 26, 2014 has shown variations that can be considered related to the earthquake preparation process. The period analysed can be considered quiet from the geomagnetic and solar activity points of view but has important meteorological activity. This activity causes us to be especially cautious in our interpretation of the VLF observations. VLF radio signals reveal the existence of an approximately 4-day anomaly in the wavelet analysis of the signals received inside the earthquake preparation zone (GRE station) and a significant increase in the variance of the signals received near the preparation zone (CRE station). In addition, clear spikes were recorded at these stations the day before the earthquake. The anomalies reached higher values for the receivers located closer to the epicentre. No anomalies were observed for signals far from the earthquake epicentre (POR receiver). These spatial and temporal distributions indicate a connection to the seismic process. It is important that the signals from the HWU and ICV transmitters (with similar transmission frequencies, $20 kHz) show some interference, which is probably caused by the meteorological conditions (thunderstorms), but not enough to disguise the clear effect possibly related to the earthquake occurrence. Moreover, no possible weather related interference is seen in the signals from the other two transmitters, NRK and GB. This fact strengthens the validity of the results obtained from the VLF analysis. It also justifies the use of different radio transmissions in this study and notes its importance in future VLF studies related to earthquakes.
TEC analysis showed two anomalies in the days prior to the earthquake: one four days before and another the preceding day. The first one was registered by the majority of the stations and, after analysing its temporal variation, seems to be unrelated to the earthquake. However, the second anomaly is clearly related to it. This anomaly appears only at stations close to the epicentre; however, the largest change does not occur in the closest stations. The temporal behaviour of this anomaly is characterized by two maxima: the first between 17:00 UT and 20:00 UT on the day before the earthquake and the second on the same day as the earthquake between 7:00 UT and 8:00 UT. The consideration of more demanding limit values as TEC⁄SigmaP+3 that, for a normal distribution should include 99.6% of the sample values, would give a very significant anomaly between 17:00 UT and 20:00 UT on day À1. The extent of this anomaly would be smaller because it is limited by isolines of TEC⁄Sigma = 3. This temporal proximity to the earthquake indicates a possible connection with the earthquake preparation process. In particular, the detection of clear anomalies the day before the earthquake both in VLF and TEC records reinforces the relationship with the physical mechanisms linked to the seismic event. TEC anomalies were also observed (Fig. 12) in the days following the earthquake that apparently could be related to the strong seismic activity that lasted more than 9 days. The geomagnetic conditions remained quiet for at least 10 days after the main shock (Fig. 4) , but the simultaneous occurrence of anomalous TEC values at EBRE (far station) and PAT0 (close station) weakens the claim of a seismic origin. The analysis of geomagnetic, solar and meteorological conditions during the study supports a link between the observed TEC anomalies and the earthquake process. A more detailed analysis of the VLF and TEC behaviours during the entire seismic series is advisable.
These results, obtained via the joint consideration of two techniques that focus on clearly different physical phenomena, allow us to confirm the existence of processes that can be considered related to earthquakes.
Much work must be done to clarify the perturbations in the earthquake preparation area using experiments that study many different physical parameters on both the surface and in the neutral and conducting atmosphere.
